ABSTRACT
INTRODUCTION

Diffuse
brain injury associated with prolonged coma without intracranial mass lesion is the most common form of brain injury in severely head injured patients (44%) and displays the second highest mortality rate among all types of head injury (Gennarelli et al., 1982a) . Diffuse (Gennarelli et al., 1982b) . Biomechanical modeling studies of these experiments revealed that axonal injury occurring in specific regions of the brain could be related to the magnitude of strain occurring in these regions (Margulies et al., 1990) . Because of biomechanical scaling constraints, however, this angular acceleration model of traumatic brain injury (TBI) has not been extended for use in small animal species, such as the rat, cat, or ferret. Rather, the most common method to produce TBI in small animals is direct brain deformation, where local mechanical insults to the exposed cortical surface rapidly deform the brain and produce TBI. The most common techniques to produce brain injury in small animals include central (midline) or lateral fluid percussion, weight drop, and cortical impact with a rigid indentor. A detailed description and review of the histologie findings derived from these models can be found elsewhere (Gennarelli and Thibault, 1984; Lighthall et al., 1989) . Briefly, severe to moderate central fluid percussion injuries have been found to produce lesions in the lower brainstem region (Dixon et al., 1988; Shima and Marmarou, 1991) as a result of the high strains appearing in this area during percussion loading (Thibault et al., 1993) . Moreover, axonal injury in central fluid percussion appears primarily surrounding the site of impact and in the brainstem (Povlishock and Becker, 1985) . In contrast, lower brainstem damage is not as extensive for similar loading conditions using the lateral fluid percussion technique in the rat (Mclntosh et al., 1987) . Rather, lateral fluid percussion in the rat produces an intriguing pattern of axonal damage that begins at the vicinity of the impact site and extends into the ipsilateral internal capsule and fimbria.
In comparison, the weight drop technique (Feeney et al., 1981) has been found to produce a contusion surrounding the impact site and effect diffuse changes in cerebral metabolism. In its present form, the cortical impact method developed for use in the ferret and rat (Dixon et al., 1991; Lighthall, 1988 ) is similar to the central fluid percussion technique because cortical impact produces contusion and associated axonal injury at the indentation site for high level injury. Additionally, lower brainstem damage has been noted for severe levels of cortical impact in the ferret (Lighthall, 1988) . One primary advantage of the cortical impact technique is the precise control of the indentor and rapid removal (< 100 msec) of the indentor after impact, therefore eliminating the problem of residual fluid volume that can occur with fluid percussion. However, the biomechanical aspects of cortical impact injury, in particular the manner in which the pattern of intracranial deformation relates to the distribution and type of brain injuries produced, have not been studied extensively.
In this report, we develop a new experimental model of TBI that uses cortical impact to produce a more diffuse distribution of axonal injury in comparison with other small animal models of TBI. Specifically, since the corpus callosum and subcortical white matter are frequent foci of axonal damage in severe DAI (Adams et al., 1982; Grcevic and Jacob, 1965; Strich, 1956) , we sought to determine whether we could direct strain across the sagittal midline in a rodent cortical impact model to selectively damage similar anatomic regions in the rat. To accomplish this selective damage, we removed contralateral bone and underlying dura mater before cortical impact. A two-part study of this modification to the rigid indentor cortical impact model is described in this investigation. First, physical modeling studies were performed with surrogate models of brain-skull structure to directly measure the effects of a contralateral craniotomy on surrogate tissue strain levels in the contralateral cortex. Second, the biomechanical parameters used in this surrogate model analysis were scaled to produce similar types of deformation in the smaller rat brain, and a series of animals were injured using the modified impact technique to evaluate the ability to produce forebrain axonal injury in vivo.
MATERIALS AND METHODS
Injury Device
To study the biomechanical aspects of the modified cortical impact technique, a pneumatic impactor device similar to the device developed by General Motors Research Laboratories (Lighthall, 1988) (Blum et al" 1985) , (2) (Fung, 1965) produced in the surrogate tissue in response to cortical impact was determined by analyzing the maximum change in angle formed by line segments extending from a selected node in the grid pattern compared to the underformed state. Displacement (Ô) was calculated as the movement of a given nodal point from its original, preimpact position. For the measurements presented in this study, shear strain and displacement were determined from the deformation patterns of the physical model at sites both local to and remote from the impact location (Fig. 3) . These regions were studied for two conditions: (1) ipsilateral craniotomy only and (2) 
RESULTS
Biomechanical Studies
Qualitatively, digitized reconstructed images of the physical model grid deformation pattern illustrate the effect of incorporating a contralateral opening before impact (Fig. 4) . By providing an alternative opening for surrogate tissue, material preferentially moves across the sagittal midline and extrudes through the contralateral opening. Quantitatively, an appreciable amount of tissue displacement occurs at the impact site even when contralateral bone is left intact during cortical impact, but little displacement is evident at the position of the contralateral cerebral cortex (Fig. 5A) . Similarly, in the absence of a contralateral craniotomy, shear strains are confined to an area local to the indentation site (Fig. 6A) .
Conversely, incorporating a contralateral craniotomy significantly increased the displacement in the contralateral cortex (Fig. 5B) (Fig. 6B ).
In Vivo Neuropathologic Studies
At the impact site, a small subdural hematoma invariably was produced immediately following injury. By 7 days, however, the hematoma had resolved and was not apparent at the time of death. Within cortical white 4-r- (Fig. 7B ). This lesion consisted of a loss of neurons in several cortical layers, as well as a pronounced glial proliferation (Fig. 8A) . The axonal damage observed in the impacted cortex was not dependent on removal of contralateral bone, since no differences were observed when comparing brains injured using a unilateral craniotomy to those injured using a bilateral craniotomy configuration. In the contralateral cerebral cortex, however, axonal damage was dependent on removal of contralateral dura mater before impact. A set of experiments (n = 6 animals) was conducted in which contralateral bone was removed but the underlying dura mater was left intact. The pattern of axonal damage was restricted to the impacted hemisphere and was similar in nature to results from experiments in which only one craniotomy was used.
In cases where contralateral dura mater was removed, the contralateral cortex was transiently extruded 1-2 mm out the craniotomy after impact. Tissue herniation was maintained at a level about 1-1.5 mm above the level of the previous durai surface by subsequent parenchymal swelling. Cortical swelling was sometimes accompanied by bleeding at the edges of the craniotomy hole or blanching of cortical vessels and an evident extravasation of the blood from the vessels into the cortical parenchyma. Immunohistochemistry (SMI-32) revealed the presence of axonal retraction balls at the white matter-gray matter junction and also in the deeper white matter (Fig. 9) . In Nissl-stained sections from these animals killed 2-7 days after cortical impact, the contralateral somatosensory cortex area beneath the contralateral craniotomy was characterized by the hypertrophy of neurons in layers II and III of the cortex (Fig. 8C) (Fig. 10B) . Reactive astrocytes were present in the white matter and gray matter surrounding these tears and radiated out from the site of the tear (Fig. IOC) . These tears were not continuous with lacerations on the cortical surface. Neurofilament immunohistochemistry revealed damage beneath the contralateral craniotomy and numerous large axonal retraction balls in the underlying cortical white matter (Fig. 9B) . Retraction balls were not present in the corresponding regions of the white matter in cases where a contralateral craniotomy and durai opening had not been performed before impact, nor were retraction balls present in control cases. There was no evidence of subcortical axonal injury or subcortical neuronal degeneration in any of the injured brains. Finally, analysis of other brain regions (e.g., hippocampus, neocortex, mesencephalon, thalamus) revealed no evidence of axonal injury using the prescribed impact parameters.
DISCUSSION
The results of these biomechanical and neuropathologic studies confirm the hypothesis that a novel distribution of axonal injury in the forebrain can be produced using cortical impact combined with a second craniotomy located contralateral to the impact site. Physical model studies indicate that cortical impact without contralateral craniotomy, the technique described by Lighthall (1988) , produces deformation of material within the vicinity of the indentor tip and concomitant herniation of material through the foramen magnum. The magnitude of the localized deformation near the indentor tip suggests the development of levels of strain sufficient to cause neuronal damage. This prediction is borne out by the pattern of damage observed surrounding the impact site in this report and previous studies using the ferret and the rat (Dixon et al., 1991 ; Lighthall, 1988) . In contrast, using a contralateral opening in the physical model substantially reduced herniation of material from the intracranial cavity and through the lower brainstem and increased the amount of deformation occurring in the forebrain region. As a result, axonal injury appeared in both the ipsilateral and contralateral hemispheres.
Several factors deserve consideration when interpreting the results contained in this study. First, the surrogate skull-brain physical model used for this study does not attempt to simulate the subtle differences in mechanical properties of distinct structures within the brain, such as the gray matter or subcortical white matter. Rather, the surrogate tissue used for construction of the model was selected to match the general mechanical properties of brain tissue as measured by indentation of the surface of the cerebral cortex (Blum et al., 1985) . Therefore, the data generated from the physical modeling experiments in the present study represent an approximation of deformation caused by cortical impact in specific brain regions and may not predict the exact state of in vivo deformation that occurs in the inhomogeneous, anisotropic animal brain. As more detailed information on the constitutive properties of brain tissue becomes available, these features can be incorporated into future physical models. Second, because of the limits of grid resolution for analyzing deformation patterns in the physical model studies, a larger cat skull was used instead of a rat skull to obtain a more precise measure of deformation produced by cortical impact. Although an effort was made to scale the impact parameters accordingly by using intracranial volume changes, the precise scaling relationship to produce identical levels of deformation in brains of different sizes is not known. Nevertheless, the principal features of the deformation caused by cortical impact-strain in a region local to the indentor tip, herniation of surrogate brain tissue through the foramen magnum, and a more widespread pattern of strain appearing within the forebrain by incorporating a contralateral craniotomy-should not differ substantially between the two species studied in this report.
The appearance of axonal injury in the contralateral hemispheres of injured animals receiving a contralateral durai opening parallels the appearance of strain in the contralateral cortex measured in a physical model subjected to the same impact conditions. Axonal injury in the contralateral hemisphere, demonstrated using neurofilament immunohistochemistry, was evident primarily in the subcortical white matter and at the gray matter-white matter junction as terminal clubs on damaged cortical efferent or afferent axons. In cases of cortical impact without contralateral durai opening, axonal bulbs and swollen axonal segments were seen adjacent to the site of cortical impact, but similar axonal abnormalities were not evident either in the corpus callosum, subcortical white matter, or the gray matter of the contralateral cortex. Further, axonal abnormalities were not pre- The lesions produced at the site of impact in this study were characterized by superficial neuronal loss, possibly associated with the small subdural hematoma produced at the time of impact. No extensive contusions or lacerations were seen in these tests, unlike the damage reported by others using the cortical impact technique (Dixon et al., 1991; Lighthall, 1988) . The minimal contusion observed in the present study is likely the consequence of the relatively superficial (1.5 mm) indentation used in the animal tests. However, these differences may also be due to the differences in the geometry of the indentor tip between our device and other models, the repositioning of the impact site to a position lateral to the sagittal sinus, or other species-specific scaling effects. To 
